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The process for pelletizing iron ore ﬁnes is an important operation unit for producing high
quality  of raw materials for the subsequent reduction processes such as blast furnace or
direct  reduction. The process essentially involves production of green pellets and induration
on  a traveling grate furnace to promote inner partial melt and agglomeration that confers
adequate  physical and metallurgical properties. This work focuses on the phenomena that
occur in the ﬁring step aiming the construction of a mathematical model that describes
each  phase and chemical species. The model was formulated based on transport equations
able  to predict the evolution of the temperature proﬁle inside the pellet for each zone on the
induration  furnace. It was taken into account coupled phenomena of momentum, energy
and  mass transfer between gas and particles within the agglomerates. The ﬁnite volume
method  was used to discretize the transport equations of momentum, mass and energy
describing  the behavior of a pellet in an industrial traveling grate furnace. Model results are
shown  for the temperature proﬁle along the pellet radius during the residence time inside
the  furnace. In this context, in the present work i a tool was developed to optimize the
thermal  proﬁle in the induration furnace and hence control the mechanical strength ofthe agglomerate.
©  2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora  Ltda.   
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1.  Introduction
The ultra-ﬁne fraction of iron ore produced in the beneﬁciation
operations has motivated the development of agglomeration
processes to produce raw materials suitable for using in blast
furnace  and reduction processes. The pelletizing process is
one  of the most important steps to furnish agglomerates of
high  quality with additional beneﬁts of recycling the ultra ﬁnes
within  the steelmaking industry. This process involves two
steps,  the “green pellets” formation with the addition of binder
to  enhance agglomeration phenomena, and then the pellets
follow  to induration furnace, to attain mechanical resistance
and  appropriate the metallurgical characteristics required in
the ironmaking facilities. The induration process using travel-
ing  grate can be divided into 4 different stages: drying, heating,
ﬁring  and cooling zones [1]. The ﬁrst step ensures that the pel-
lets  are fully dried with controlled velocity in order to keep the
integrity  of the pellets and forms the initial bonding phases.
In  the heating zone the temperature is increased and the
reactions  of carbonates decomposition start. These reactions
continue  in the next zone, ﬁring zone, and additional partial
melt  among the particles occurs, depending on the heat input.
The  cooling zone stops theses reactions due to the drop in
temperature and promotes resolidiﬁcation and ﬁnal cooling.
Fig.  1a shows a schematic view of these zones and Fig. 1b
shows  a typical temperature proﬁle in each zone of the fur-
nace.
The  gas ﬂow in each zone is sucked in the system by fans.
The  blow temperature should be controlled for better pellet
quality  and grate bars protection avoiding super heating [2],
this  control is carried out by using combustors and pos com-
bustors  of the fuels for each zone, where exhaust gases are
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Fig. 1 – (a) Scheme of the pelletizing furnace in a Traveling Grate 
sizes characteristics along of residence time in the furnace [1].. 2 0 1 3;2(4):315–322
usually  used to account for better energy utilization. As con-
sequence,  the pellets of each layer are subjected to different
thermal conditions inside the zones of the furnace (Fig. 2).
This  transient conditions imposed on the surface of the pellets
develops  temperature gradients inside the pellets which plays
important  role on the mechanical and metallurgical properties
required  in the following reduction steps such as blast furnace
or  direct reduction. Depending on the subsequent reduction
process,  speciﬁc quality of the ﬁred agglomerate is required.
Therefore, for each product, attention on the inner tempera-
ture  of pellet is needed in order to attain quality and at the
same  time optimize the energy consumption of the overall
process.
The  inner phenomena that take place in the pellets
accounts for heat, momentum and mass transfer, which are
strongly  affected by the rate of chemical reactions within
the  agglomerates [3]. In order to address these phenomena
the  rate equations are formulated for individual particles set
and individual kinetics of the each “pellet feed” inside the
agglomerate is considered for a representative control volume
depending  on the local gas ﬂow and chemical species reac-
ting  within the pellet. The focus of the present work was  the
induration  of pellets in traveling grate furnace to provide the
inner  pellets temperature proﬁle traveling on the induration
furnace, in order to support process analysis, optimization
and control in pelletizing process. The temperature proﬁle and
thus,  the thermal gradients developed for the representative
pellets can be predicted. In this study, three representative pel-
lets of 8, 12 and 15 mm were considered to take into account
the  granulometric distribution of the pellets charged and cor-
respondent  transient boundary conditions representing the
conditions  on each furnace zones.
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.  Modeling
his model describes the temperature proﬁle of single pellets
raveling  through the drying, heating, ﬁring and cooling zones
f  a pelletizing furnace with moving grate. The model uses the
easured  operational parameters as input data to impose the
ransient  boundary conditions along the furnace, as presented
n  Table 1.
The  numerical domain considered in this model was  the
nner  pellet coupled with the furnace environment by using
he  furnace temperature and gas ﬂow as boundary conditions
or  the surface of the pellet. Therefore, Fig. 3 shows a slice of a
ellet discretized in spherical coordinate system and the sur-
ace  nodes used to impose transient boundary conditions. The
hermo  physical and chemical phenomena that occur inside
he  pellet during the induration process were considered in
his  model as the gas solid contact, gas ﬂow, grate motion and
hase  transformations coupled with heat and mass transfer
ithin  the particles that forms a packed bed inside the pellet.
he  pellet in the furnace is represented by a porous sphere
omposed of particles which is in direct contact with the gas
ver  the entire length of the furnace.The transport equations were  discretized for the domain
epresenting the pellet using the ﬁnite volume method with
he  velocity and pressure ﬁelds for gas ﬂow calculated using
Table 1 – Operating parameters of the pelletizing furnace
[4].
Parameters Flow (N m3/s) Temperature
(◦C)
Furnace length 155.4 m – –
Furnace width 3.33 m – –
Drying zone 25.2 m 126.9 350
Heating zone 25.2 m 176.0 890
Firing zone 42.0 m 116.5 1260
Cooling zone 63.0 m 269.0 25
Velocity 2.10 m/min – –llets distributed in the furnace bed.
the SIMPLE algorithm coupled with the temperature and
chemical  species ﬁelds. Therefore, it was obtained in this
model  the inner temperature proﬁle in the radial direction, gas
velocity and composition, besides the temperature of the solid
particles.  Each chemical species is resolved by chemical reac-
tions  that allow the mass transfer between the phases. The
model  is composed of coupled solution for the rate equation
of  chemical reactions, momentum and energy transport equa-
tions.  The Eqs. (1)–(4) represent, respectively, the momentum,
mass, energy and chemical species balances:
∂(iεiuj)
∂t
+ div(iεi Uiuj) = div(εiigrad(uj)) − grad(εiPi) − Fki (1)
∂(iεi)
nreactions∑
iSpherical section of a iron ore
pellet (12 mm)
Boundary layer details of the pellet inner composed for
particles with different sizes and composition (Structure of
voids and gas flowrate)
X
Fig. 3 – Schematic pellet inner and grid to simulation.
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Table 2 – Phases and chemical species for modeling.
Phases Chemical species (ωi)
Gas CO, CO2, O2, H2, H2O, N2, SiO
Solids Ore Fe2O3, Fe3O4, FeO, Fe, CaO, Al2O3, MgO, SiO2, H2O, gangue
Fluxants Fe2O3, Fe3O4, FeO, Fe, CaO, Al2O3, MgO, SiO2, H2O, gangue
FePartial molten 
∂(iεihi)
∂t
+  div(iεi Uihi) = div
(
ki
CPi
grad(hi)
)
+
nreactions∑
n=1
RinH
i
n + E˙ji (3)
∂(iεii,ispecies)
∂t
+  div(iεi Uii,ispecies) = div(εiDbulkispeciesgrad(i,ispecies))
+
nreactions∑
n=1
MispeciesR
i
n (4)
Thus, the pellets can be treated as a porous media with the
boundary  conditions for gas ﬂow, energy and mass transfer in
the interior of the pellet imposed at the surface of the individ-
ual  pellet by using an effective overall heat transfer coefﬁcient
and  the composition of the surface gas given by the furnace
atmosphere. The pellet is composed of particles with different
sizes  and composition [5] and thus, local variables of poros-
ity  and thermo physical properties can be considered in the
model.
This  model is assumed as a multiphase model due to
the  several phases considered and it was  used to describe
the  phenomena of ﬂuid ﬂow, heat transfer and chemical
species conservations constitutive relations to account for
phase  interactions are used. In this paper, it was considered
the  gas, solid, and partial molten phases that can be developed
within  the pellet along the furnace zones. Table 2 provides the
chemical  species present in this model.
The momentum, energy and mass exchanges were consid-
ered  in the model by using semi-empirical correlations [3]. The
momentum  exchange was  modeled by the modiﬁed Ergun’s
equation  [6] suitable for anisotropic packed bed which approx-
imate  the inner pellet structure.
−→
F
s
g = −−→F
g
s =
[∑
m
fiFi
]
| Ug − Us|( Ug − Us) (5)
Fi = 150g
1
| Ug − Us|
(
εi
(1 − εi)diϕi
)2
+ 1.75g
(
εi
(1 − εi)diϕi
)
(6)
where g and s indicate the indexes to represent gas and solid
phases,  respectively, fi is volumetric fraction of component i
in  solid phase, Fi is resistance of solid component i to gas ﬂow,
di is the particle diameter for phase solid and ϕ is shape factor
for  phase solid, “pellet feed”.
The heat exchange (QgS ) among the individual pellet and
gas  should be calculated from external effective heat coefﬁ-
cient  among gas and pellet in the furnace conditions using, Si, FeO, SiO2, Al2O3, CaO, MgO, gangue
Ranz–Marshall Correlation to convective heat transfer and
Stefan–Boltzmann Law to radiation heat transfer [3]:
Q
g
S = −heff A(Ts − Tf ) − ε
A(T4s − T4f ) (7)
and
heff =
kg
dp
[2.0 + 0.39(Reg−s)0.5(Prg)1/3] (8)
where A is the superﬁcial area, Ts is the pellet tempera-
ture, Tf is the furnace temperature dependent of the position
in  bed, dp pellet diameter, ε is emissivity (ε = 0.9) [3], 
 is
Stefan–Boltzmann Constant (
 = 5.67 × 10−8 J/s m2 K4) and Reg
and Prg are dimensionless numbers Reynolds and Prandt,
respectively, calculated using average value of the properties
and  velocity ﬁeld of the gas in furnace position and of the
pellet.
In  order to model the heat transfer between gas and par-
ticles  solid phases inner pellet, the energy source depends
on  the heat transfer coefﬁcient among gas and particles solid
phases,  according Ranz–Marshall Correlation [3]:
E˙
j
i
= hg−s
∑
i
6εi
diϕi
(Tg − Ts)
= kg
di
[2.0 + 0.39(Reg−s)0.5(Prg)1/3]
∑
i
fi
6εi
diϕi
(Tg − Ts) (9)
where T represents the average temperature within the
control  volume occupied by particles solid and gas phases.
Re  and Pr are inner local modiﬁed dimensionless numbers
Reynolds and Prandt, respectively, calculated using average
value  of the properties and velocity ﬁeld within the pellet.
The  mass transfer takes place in the pelletizing furnace due
to  chemical reactions and phase transformations. Firstly the
moisture  is evaporated from the interior of solids where the
vapor  water diffusion through boundary layer plays important
role.  The rate equation, representing the moisture evaporation
can  be represented by Eq. (8).
Ri =
〈
Ai
DTaveH2O,N2
di
Shi
(
gωH2O(g)
MH2O
− PH2O,sat
RTg
)〉m˙H2O(i)
−∞
(10)Additional rate equation needed to take into account
reduction and reoxidation and melting-resolidiﬁcation can be
considered as in Eqs. (9) and (10), depending on the direction
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f the reactions, which depend on the local oxygen potential
nd  temperature [3].
ni = Ai
g
W
∑
m=1,3
˛ni,m
(
Ki
ωCO,H2
MCO,H2
− ωCO2,H2O
MCO2,H2O
)
(11)
ni =
〈Ti − Tmeltj
Tj
〉1
0
∑
faceF
kk
j
Mj
(12)
.  Results  and  discussion
he “Multiphase Multicomponent Reactive Flow, Heat and
ass  Transfer Program”  developed in FORTRAN 95/2000 lan-
uage  was  used to obtain numerical solution of equations
escribing the gas ﬂow in the induration furnace and inside of
he  pellet, reaction rates and heat transfer, coupled with evo-
ution  of gas composition. For the simulations, pellets with
ifferent  diameters were  selected, with average sizes of 8, 12
nd  15 mm,  to account for the effect of pellet diameter on the
emperature  along the residence time within the furnace.
In  the model it was  possible to predict the average temper-
ture  distributions of the pellet during the induration process
or  each zone. Comparative predictions for different pellet
iameters  are presented in Figs. 4–7.The evaporation process is limited by the heat transfer in
he  drying zone. When the heat transfer is abruptly increased
he  inner pressure of the vapor increase and can degraded the
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ime  of the pellet in the heating zone.time  of the pellet in the ﬁring zone.
pellets, therefore in this region the heating rate must be con-
trolled.  In the ﬁnal step, the temperature of the drying process
is  almost the same and is independent of the pellet diameter,
indicating that internal phenomena are controlling the drying
rate.
The  external conditions for pellets with different diameters
are  the same in the overall process, the difference observed on
temperature is only due to geometrical effect and takes place
only  on the beginning of the each zone.
In the ﬁring zone, however, phase transformations take
place  and absorb heat. Although only at higher temperature
these phenomena is important and the pellet rises the tem-
perature  at the beginning of this zone controlled by the inner
heat  transfer driven by radiation, conduction and gas solid
convection. In the cooling zone the partial melted materials
solidify releasing heat at the beginning and the ﬁnal cooling
is  controlled by the external heat exchange with the cooling
gas.
The  results presented in this section illustrate the need of
controlled  operation of the external atmosphere mainly with
regard  to the temperature uniformity of each zone and the
heat  exchange in the steps for drying, heating, ﬁring and cool-
ing.  Strict control of the heat transfer is, therefore, the key
technological parameter to get suitable properties and opti-
mize  the consumption of fuel.In order to verify the importance of the thermal gradients
within the pellets and hence the impact of charging pel-
lets  of different diameters on the temperature distributions,
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Figs. 8–10 compare the temperature distribution behavior
along  the pellet radius at beginning, middle and end of each
zone  for the pellets of 8, 12 and 15 mm,  respectively. It is
observed  that the temperature patterns present similar behav-
ior  for all zones, although the temperature differences for
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Fig. 9 – Temperature proﬁles within an individual pellet of 12 mm
heating  zone, (c) ﬁring zone and (d) cooling zone.surface  and center of the pellets can be quite different, mainly
due  to the time need to the thermal front propagate and get
uniform  within the agglomerate structure, which in turn, is
strongly dependent upon the inner gas path and agglomerate
composition.
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sIt is observed in Fig. 8 that as the temperature progress
nward the pellet with 8 mm the gas ﬂows through the
ores  and as time passes the temperature became uni-
orm  due to the combined effect of heat conduction and
nner  convection. At the beginning of each zone the sur-
ace  of the pellets instantly reaches the gas temperature due
o  high external effective heat coefﬁcient, which accounts
or  convective and radiation effects, in the interior of the
ellet  the conduction of the heat through the pores plays
he  major role and leads the center temperature of the
ellet  to remain lower. This pattern was  observed for all
ones  and in the cooling region the temperature gradient is
nverted.
Fig.  9 shows similar trend for the temperature pattern
or  pellets with 12 mm of diameter, although the rate of
eating  and cooling are strongly dependent on the pellet
iameter.
Fig.  10 shows the temperature radial distribution for pellets
ith  15 mm of diameter. It was  observed lower tempera-
ure  gradient in the drying zone due to higher consumption
f  heat during the evaporation of water, indicating that the
eat  transfer within the pellet is the controlling mecha-
ism  for temperature increase, which was  not observed for
maller  pellets. For the other zones the temperature pattern
howed  similar behavior although larger thermal gradient was
bserved,  as expected.These  results conﬁrmed the strong dependency of the
uitable  residence time for each granulometric range and
uggests  that narrow distribution will produce more  uniformproperties of the ﬁred pellets and justify the production of
strictly  controlled green pellets.
4.  Conclusions
A mathematical model able to predict the behavior of the
average  temperature of the pellets with different diameters
in  traveling grate furnace was  developed. The inner temper-
ature  pattern for the pellets along the grate passing through
the  zones was predicted for the individual pellets. The model
implementation and simulation procedure allowed to predict
the  temperature proﬁle of each pellet traveling throughout the
drying,  heating, ﬁring and cooling zones of the furnace and
the  temperature gradient along of the pellet radius was also
shown.  Numerical results for pellets with different diameters
showed  the impact of charging pellets with wider granu-
lometric distribution in the furnace and indicated that the
properties  of the pellets could be signiﬁcantly different since
the  thermal cycle of the individual pellets has strong effect
on  the phase transformations and induration phenomena. In
this investigation it is concluded that pellets with narrow dis-
tribution  would give moderate inner temperature gradient and
hence  it is expected to present suitable mechanical and met-
allurgical  properties.Conﬂicts  of  interest
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